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The effect of hot isostatic pressing (HIP) treatment on microstructure of gas-turbine vanes made of K452 alloy was investigated by OM,
SEM and TEM. The results showed that HIP treatment played a great role in the porosity healing processing, where 80% of porosities were
eliminated and the diameter of remnant porosities decreased to 10 μm. The healing mechanism of the porosities was consistent with existing
theories of porosity closure based on vacancy diffusion. According to the result of the tensile test, the plasticity of the alloy was improved
as the result of the elimination of the porosities and the improvement of dendritic segregation, while there was not an obvious improvement
in the tensile strength after the programmed HIP process. In addition, HIP had a positive effect on narrowing down the dispersion of tensile
properties.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Hot isostatic pressing (HIP), with high pressure and
temperature, is mainly used for densifying metal because
of its advantages of healing defects such as porosity and
segregation generated during the solidiﬁcation in superalloy
castings [1]. Investigations conducted on several superalloys
showed that HIP could have signiﬁcant improvement on
mechanical properties [1,2]. The cast nickel-based superalloy
K452 has been developed in China to be used for gas-turbine
vanes, because of its excellent mechanical strength and hot-
corrosion resistance [3]. The alloy is strengthened mainly by
γ0 precipitates, the Ni3Al phase with an ordered L12 structure
type, which controls the overall mechanical properties of this
alloy [4]. With the increasing size of the industrial gas
turbine vanes, there appeared more and more internal defects
such as segregation and porosity, resulting in the mechanical10.1016/j.pnsc.2014.10.008
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nder responsibility of Chinese Materials Research Society.properties degradation of the alloy [5]. The studies on
ZhS6U [6] and IN738 [7] alloys have shown that the
porosity can be healed to a very low level by an appropriate
HIP treatment and the mechanical properties of the alloys can be
also improved. Coble and Flemings [8] have developed a model
for porosity removal assuming that the driving force for healing is
the excess vacancy concentration caused by surface tension on the
porosity surface [7]. Then, the vacancies diffuse to the grain
boundaries which are considered to be the most efﬁcient sinks for
vacancies and sources for atoms, while the atoms diffuse away
from grain boundaries. The main parameters of HIP process are
temperature, pressure, and time, which have a variety of combina-
tion way to eliminate porosity and may cause adverse side effects,
such as, grain growth, precipitate redistribution, and carbide-matrix
reactions. And the mechanical property can’t be improved if we
just only pursuit the eliminating of porosity without paying
attention to its inﬂuence on microstructure, which is a big obstacle
in practical application. Therefore, the purpose of this work is not
only to evaluate the effect of HIP on porosity healing but also to
analyze its inﬂuence on the microstructure and tensile properties of
K452 alloy.Elsevier B.V. All rights reserved.
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The nominal chemical composition of the gas-turbine
vanes is listed in Table 1. All specimens were obtained from
the castings by WEDM (wire electro-discharge machining).
Then, these samples were divided into four groups, which
are as-cast, HIP, HIPþSHT (standard heat treatment) and
SHT, respectively.
The regime of HIP treatment was that increasing the
temperature to 1170 1C, pressure to 150 MPa simultaneously
and holding for 4 h followed by furnace cooling to 300 1C and
air cooling to room temperature. The standard heat treatment
(SHT) is 1170 1C/4 h/FC(15–30 1C/min) -900 1C/AC-
1050 1C/4 h/AC-850 1C/16 h/AC. For metallographic exami-
nation of a porous microstructure, four different sections were
chosen, i.e. a leading edge area, a region near the leading edge
area, an exhaust edge area and a region near the exhaust edge
area. The volume fraction and distribution of the porosity were
analyzed by an optical microscope (OM) and an image-Pro Plus
analyzer after polishing. In addition, the microstructure was
characterized by scanning electron microscopy (SEM), optical
microscopy (OM) and transmission electron microscopy (TEM).
SEM samples were etched in two different methods. Chemical
etching method with a solution of 100 ml H2O, 50 ml HCl and
20 g CuSO4 was used for general microstructure observation.
And deep etching method with a solution of 1200 ml H2O, 10 g
(NH4)2SO4, and 10 g citric acid which could strip away γ
matrix, was employed for the observation of γ0 phase. TEM
samples were mechanically thinned down to about 50 μm in
thickness, and then electropolished with a 10% perchloric acid
methanol solution. The phase analysis was studied by X-ray
diffraction (XRD) patterns, which were obtained on the alloy
surface. The tensile tests at 900 1C were carried out by a
Shimadzu AG-250KNE machine, and the samples of the tests
were prepared as Standard GB/T 4338-2006 [9].Table 1
Chemical composition of K452 superalloy (wt%).
Cr Co W Ti Al Mo Nb C B Zr Ni
21.0 11.2 3.5 3.5 2.5 0.6 0.3 0.11 0.02 0.04 Bal.
Fig. 1. Measurement of porosity before and after HIP in different areas of the vane
aspect ratio (AR).3. Results and discussion
Porosities are usually located at grain junctions and in the
zones of γþγ0 eutectic, which are the crack initiation sites and
govern the propagation paths. The volume fraction, morphol-
ogy, and size of the porosities are the important parameters to
inﬂuence the mechanical properties of the alloy. And therefore
the morphology parameters such as volume fraction (f),
equivalent diameter (Deq), aspect ratio (AR) and form factor
PE were characterized quantitatively in order to evaluate the
variation of porosities before and after HIP. The aspect ratio
(AR) is associated with the minor and major axis length of the
porosity, and the numerical values may vary from 0 to 1. The
AR of ideal spherical is 1 and the irregular shape of the
particles is close to 0. The form factor PE (Form PE) is
another parameter of measuring the shape of the particle,
where the form factor PE of ideal spherical is 1 and the linear
particle is close to 0. The relation equations of the parameters
[10] are given as follows,
Deq ¼
ﬃﬃﬃﬃﬃ
4A
π
r
ð1Þ
AR¼ MinorAxisLengthð Þ
Major Axis Lengthð Þ ð2Þ
Form PE¼ 4πA
C2
ð3Þ
where A is the area of the porosity, C is the perimeter of the
porosity. The parameters of A, C, minor and major axis length
of porosity were measured by the image-Pro Plus analyzer.
Measurement and morphology results of porosities in
different parts of vanes are shown in Figs. 1–3. Fig. 1(a)
indicated that the volume fraction of the pores depended on
their site in the vane and reached 0.62 vol% in the leading edge
area before HIP, while in the exhaust edge area it was about
0.2 vol%. After HIP the volume fractions of porosity in
different parts decreased to as little as 0.2 vol% and about
80% of porosities were healed. Furthermore, the value of Deq
decreased from 20 μm to 10 μm denoted in Fig. 1(b). It was
found that there were no signiﬁcant changed in the value of
aspect ratio (AR) before and after HIP, indicating that thes (a) volume fraction (f) and form factor PE, (b) equivalent diameter (Deq) and
Fig. 2. Porosities in without-HIP specimens that correspond to Fig. 1, (a) the leading edge area, (b) a region near the leading edge area, (c) a region near the exhaust
edge area, and (d) the exhaust edge area.
Fig. 3. Porosities in HIP specimen that correspond to Fig. 1. (a) the edge area, (b) a body near the leading edge area, (c) a body near the exhaust edge area, and (d)
the exhaust edge area.
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axis length. The value of Form PE shown in Fig. 1(a) is close
to 1 after HIP, which indicates that the morphology of porosity
is much closer to spherical shape compared with that of before
HIP. And it is beneﬁcial to reducing the stress concentration
and improving the mechanical properties. From Figs. 2 and 3,
it can be seen clearly that both the fraction and the size of the
porosities decreased after HIP treatment.
The melting point of the alloy is about 1304 1C, and the
temperature of HIP treatment was 1170 1C. Therefore, with the
conditions of high temperature and pressure, diffusional creep
could be occurred. Commonly, the diffusion coefﬁcient of
superalloy is faster than that of pure nickel [7]. In addition, the
uniform HIP pressure can decrease the vacancy mobility, and the
diffusion coefﬁcient is smaller than that of specimen without HIP.
Considered the above situation, the diffusion coefﬁcient of
the elements in pure nickel can be used in this study.
Generally, the diffusion coefﬁcient of Al is the biggest among
the metal elements of nickel-based superalloy. And the
diffusion coefﬁcient D (m2/s) of Al in the pure nickel materials
equals to D¼1.87 10-4exp(268 103/RT), where R is the
universal gas constant and T is the temperature (K). So the
diffusion coefﬁcient D (m2/s) of Al is 3.72 104 m2/s when
the temperature is 1170 1C. The average distance of random
walk [8] is given as follows,
Rn
2 ¼ 6Dt ð4Þ
where t is the diffusion time (s). And the value of Rn is 1.5 nm
which is much smaller than that of Deq of specimens without
HIP, suggesting that the porosity can’t be healed via diffusion
only. It is concluded that the closing mechanism of the
porosity is that the porosities collapse ﬁrst under the action
of plastic deformation, and then weld up via the diffusion of
atoms as Ref. [11] reported.In this situation, the main diffusion mechanisms are
Nabarro-Herring creep and Coble creep. Nabarro-Herring
creep is a process by which atoms and vacancies ﬂow through
the lattice, while for Coble creep the diffusion occurs along the
grain boundaries. In the lattice, the vacancies ﬂow to the grain
boundary and the atoms is in the opposite direction. As
reported in Ref. [12], stress changes the chemical potential
of vacancies on the surface of the grains, where the chemical
potential of the top and bottom surfaces is higher than that of
the side faces. And therefore the vacancies from the top and
bottom sides diffuse to the side faces during Cobel creep. In
the end the porosity was weld up. The mechanism is depicted
schematically in Fig. 4.
Fig. 5 displays the segregate structure in a low magniﬁca-
tion. The composition of the dendrite core was different from
that of the interdendritic area, which could be homogenized by
heat treatment [13]. As shown in Fig. 5, the dendrite structure
was turned into more homogenous after HIP, HIP þSHT and
SHT. Compared with the as-cast specimen, the segregation of
HIP specimen between the dendrite core and interdendritic
region became less obvious. Furthermore, the microstructure
of HIPþSHT specimen became much more homogeneous
than that of SHT specimen.
The size, morphology and volume fraction of γ0 phases are
highly important to the ﬁnal mechanical properties of the
alloys [14]. To evaluate the detailed microscopic changes of γ0
precipitates in dendrite cores, the SEM images in higher
magniﬁcation were obtained as shown in Fig. 6. It can be
seen that the morphology of γ0 phases of HIP specimen was
shaped like butterﬂy cubes. Compared with the as-cast speci-
men, the size of the γ0 phases of the HIP specimen was larger
because of its slow cooling rate. The morphology of γ0 in SHT
specimen was in cubic shape, the same with that of HIPþSHT
specimen. However, the size of γ0 of HIPþSHT specimen was
Fig. 5. OM images of four specimens with low magniﬁcation (a) as-cast (b) HIP (c) SHT (d) HIPþSHT.
Fig. 4. Healing mechanism of the porosity in HIP treatment: The dotted line: vacancies diffusion along grain boundaries, and the solid line: bulk diffusion of
vacancies.
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was not changed under the condition of high temperature and
pressure. As shown in Fig. 6, the γ matrix and γ0 phases of
HIPþSHT specimen also remained a coherence relationship
just as that of the SHT specimen [15].
Fig. 7 displays the histograms of the size distribution of
secondary γ0 precipitates of SHT and HIPþSHT specimens in
dendrite cores. Fig. 8 shows that TEM images of the bimodal
distribution of γ0 precipitates after deep etching. It was found
that the distribution of secondary γ0 precipitates obeyed the
normal distribution of Gaussian function. In addition, the
HIPþSHT resulted in the uniform distribution of secondary
and tertiary γ0 phases, where the volume fraction and the
average diameter of the secondary γ0 precipitates was 14.75%
and 327 nm, respectively. And the size of the tertiary γ0 phases
was 53 nm. Compared with that of the HIPþSHT specimen,
the values of SHT specimen were smaller, where the volume
fraction and average diameter of the secondary γ0 precipitates
was 12.13% and 269 nm, respectively. Within experimental
error, the size of the tertiary γ0 phase was the same with that ofHIPþSHT specimen. As recorded in Ref. [16], these changes
of γ0 phases are driven by thermodynamic driving force and
misﬁt between the γ and γ0. And butterﬂy cubes have a
signiﬁcant higher strain energy and surface area than cubes
[17]. During the process of followed heat treatment the
butterﬂy-cubes changed into cubes.
Fig. 9 shows XRD patterns obtained for K452 alloy with the
diffraction peaks being identiﬁed and labeled according to
Refs. [18,19]. Though, most of the diffraction peaks from γ
matrix coincide with those from γ0 precipitate [19], the peak
around 251 and 351 is identiﬁed to be only from γ0-(Ni3Al)
precipitate [19]. It can be seen from Fig. 9 that after
HIPþSHT the intensities of (2 0 0) and (2 2 0) planes
increased, but the intensity of (1 1 1) plane obviously
decreased. As for the HIPþSHT specimen, the intensities of
(2 2 0) and (2 0 0) plan were even higher than that of (1 1 1)
plan, removing the inﬂuence of multiple factors (Ph k l), and
P1 1 1, P2 0 0, and P2 2 0 is 8, 6, and 12, respectively. Further-
more, γ0-(Ni3Al) phase around 251 and 351 was also seen for
HIPþSHT specimen.
Fig. 6. SEM images of γ0 precipitates in dendrite core (a) as-cast (b) HIP (c) SHT (d) HIPþSHT.
Fig. 7. Histograms of the size distribution of secondary γ0 precipitates in dendrite core (a) SHT (b) HIPþSHT.
Fig. 8. TEM images of γ0 precipitates after deep etching (a) SHT (b) HIPþSHT.
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shown in Table 2. It is clear that the HIP treatment has a
positive effect on narrowing down the dispersion of tensileproperties. The values of YS and UTS were in the range of
those of SHT specimens, though there was not an obvious
improvement of YS and UTS after the programmed HIP
Fig. 9. XRD patterns obtained for K452 alloy.
Table 2
Effect of HIP on the tensile properties of K452 alloy.
Index 900 1C
σb (MPa) σ0.2 (MPa) δ (%) ψ (%)
SHT 480–615 375–570 7.2–25.2 19.6–48.4
HIPþSHT 530; 540; 530 425; 435; 430 19; 13.5; 25.5 54.5; 44; 29
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phase, as shown in Fig. 6 (the average diameter of γ0 phase:
327 nm for HIPþSHT; 269 nm for SHT, determined accord-
ing to the SEM images). The elongation and reduction of area
in % of the HIPþSHT specimens increased to the upper limit
values of those of SHT specimens. This trend is consistent
with the healing of porosities in the HIP process as observed in
Fig. 1. As recorded in Refs. [20,21], the conventional HIP
process alone is not an effective way to strengthen nickel-
based superalloy and subsequent heat treatments are necessary.
But the results in this work suggest that it is not optimum to
choose SHT as the subsequent heat treatment.
4. Conclusions
According to the study of microstructure evolution during
HIP and HIPþSHT treatment and tensile tests it can be
concluded that:(1) The HIP regime plays an important role in the process of
porosity healing; more than 80% of the porosities are
eliminated and the diameter of remnant porosities is
decreased to 10 μm by HIP. The healing mechanism of
the porosities is consistent with existing theories of
porosity closure based on vacancy diffusion.(2) The HIP treatment has an important effect on improving
the dendritic segregation which should be attributed to theredistribution of elements occurred during the HIP process.
In addition, HIP has an effect on the size and volume
fraction of γ0 phases in dendrite core, where the volume
fraction and the average diameter of the γ0 phases for the
HIPþSHT is 14.75% and 327 nm, while those for the
SHT is 12.13% and 269 nm, respectively.(3) HIP has some effects on the XRD patterns. The intensities
of (2 0 0) and (2 2 0) planes increase, while that of (1 1 1)
plane obviously decrease for the HIPþSHT specimen. In
addition, γ0-(Ni3Al) phase around 251 and 351 is also seen
for HIPþSHT specimen.(4) HIP has a positive effect on narrowing down the dispersion
of tensile properties. The elongation and reduction of area
in % of the HIPþSHT specimens increase to the upper
limit values of those of SHT specimens, while there is not
an obvious improvement of YS and UTS after the
programmed HIP process.References
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